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Abstract
The herbicide diuron is extensively used in the agriculture sector and is detected widely in the
environment. Although several studies on the degradation of diuron by aerobic micro-organisms have
been reported, the degradation of diuron by anaerobic micro-organisms has not been received much
attention. Also, no pure culture that can degrade diuron under anaerobic conditions has yet been reported.
The evaluation of diuron degradation in the soil and sediment slurries showed that diuron led to a
decrease in the biodiversity of the bacterial communities. Two mixed bacterial cultures, one from the soil
and the other from sediment slurries, were isolated from the enrichment media under anaerobic
conditions. After 30 days of incubation at 30 oC, the mixed bacterial culture from the soil degraded 84.5 ± 
5.5%, and that from the sediment slurry degraded 94.5 ± 3.0% of diuron in liquid mineral medium at an
initial concentration of 20 mg/L. 1-(3,4-dichlorophenylurea (DCPU), 3-(3-chlorophenyl)-1,1-dimethylurea
(CPDMU), and 3,4-dichloroaniline (3,4-DCA) were the major diuron metabolites produced by both the
indigenous micro-organisms and the isolated bacteria.

Introduction
Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea], a selective herbicide, is extensively used for controlling a
wide range of weeds and grasses in agricultural crop and non-crop areas worldwide. It inhibits
photosynthesis by preventing oxygen production and blocks electron transfer in photosystem II by
binding to plastoquinone binding site (Giacomazzi and Cochet 2004). Diuron is slightly toxic to
mammals and birds and moderately toxic to aquatic invertebrates (Giacomazzi and Cochet 2004). Diuron
has been widely detected in surface water and groundwater at concentrations above the European Union
threshold limit (Field et al. 2003; Landry et al. 2006; Dores et al. 2009) and has also been detected in
seawater and marine sediment samples (Thomas et al. 2001), river sediments (Matthai et al. 2009) and
soil (Field et al. 2003). The herbicide is persistent in soil, water, and groundwater (Giacomazzi and Cochet
2004), with a half-life in soil ranging from one month to one year (Wauchope et al. 1992). Diuron is
identi�ed as a priority hazardous substance by the European Commission and is banned in Europe
(Malato et al. 2002).

Diuron undergoes hydrolysis and photolysis at very low rates under natural conditions (Giacomazzi and
Cochet 2004). However, dissipation of diuron from the environment occurs mainly by microbial
transformation (Sørensen et al. 2003). Under aerobic conditions, N-dimethylation is the major metabolic
transformation leading to the formation of metabolites such as DCPMU, DCPU, and 3,4-DCA, which are
detected in the soil and the groundwater along with the parent compound. (Thomas et al. 2001; Gooddy
et al. 2002; Coelho-Moreira et al. 2013; Coelho-Moreira et al. 2018).

Aerobic biodegradation of diuron is well-studied (Coelho-Moreira et al. 2018; Felício et al. 2018; Hanapiah
et al. 2018), but the research on the anaerobic degradation is lacking (Attaway et al. 1982a; Attaway et al.
1982b). Several aerobic diuron-degrading bacteria and fungi have been isolated, e.g., Arthrobacter sp.
BS2 and Achromobacter sp. SP1 (Devers-Lamrani et al. 2014), Stenotrophomonas acidophila TD4.7 and
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Bacillus cereus TD4.31 (Egea et al. 2017), Mortierella (Ellegaard-Jensen et al. 2013), Arthrobacter
sulfonivorans, Variovorax soli, and Advenella sp. JRO (Villaverde et al. 2017), Ganoderma lucidum
(Coelho-Moreira et al. 2018), Comamonas jiangduensis SZZ 10 and Bacillus aerius SZZ 19 (Hanapiah et
al. 2018), and Bacillus spp. (Muendo et al. 2021). However, to the best of our knowledge, isolation of a
diuron-degrading bacterial strain in pure cultures has not been reported. Moreover, the effect of diuron on
the indigenous microbial population has been studied under aerobic conditions (Prado and Airoldi 2001;
Moretto et al. 2017), and the corresponding studies under anaerobic conditions are lacking, and the
degradation pathway of diuron under anaerobic conditions is still unclear.

In this study, we have investigated the effect of diuron on the composition of the bacterial communities in
the soil and the sediment slurries under anaerobic conditions and tried to �ll the existing knowledge gap.
We describe the anaerobic pathways for degradation of diuron by the indigenous microbial community
and the isolated bacterial cultures.

Materials And Methods

Anaerobic degradation of diuron in soil and sediment
slurries
Soil samples were collected from a corn�eld (Tra Vinh Province, Vietnam) and the sediment slurries from
Hau River (one of the two main sections of Mekong River) in an area near the �eld, where water was
discharged from the �elds. The samples were collected at a depth of 20–25 cm from an area of
approximately 10 m2 for the soil and 5 m2 for the sediments. The soil samples were mixed and passed
through a sieve with an aperture of 2.0 mm diameter to remove large debris. The sediments were also
mixed and sieved. The samples were kept in plastic bags in iceboxes containing frozen ice packs and
transported to the laboratory within a day. The physicochemical properties of the soil and the sediment
slurry were analyzed using the American Public Health Association method (APHA) (APHA 2005), and the
results are presented in Table 1.
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Table 1
Physicochemical properties of dry sediment

Composition Units Statistics  

Sediment Soil

Clay % 22.5 20.9

Silt % 38.3 22.7

Sand % 39.2 56.4

pH   6.2 6.5

Total organic carbon g/kg 6.8 5.4

Total nitrogen g/kg 0.71 0.58

Si g/kg 324.4 566.4

Al g/kg 37.6 58.8

Ca g/kg 12.5 15.7

Fe g/kg 14.4 21.6

Mg g/kg 10.4 8.3

K g/kg 7.4 8.5

S g/kg 0.8 2.2

P g/kg 0.7 1.11

Mn g/kg 0.3 0.5

The soil and sediments were mixed with pure, sterile water in a 1:10 ratio w/w. Slurries (30 mL) were
transferred into 75 mL glass vials, and NaNO3 and glucose were added to a �nal concentration of 1.0
g/L. Diuron (20 mg/L) and redox dye Resazurin (0.5 mg/L) were also added, and the vials were �ushed
with Helium gas to exclude oxygen before sealing. Sterile controls were generated by autoclaving the
vials at 121 oC for 15 min and vials were incubated in the dark at 150 rpm and 30 oC. Samples that did
not contain nitrate and glucose were incubated in parallel.

Bacterial diversity and relative abundance in sediments and
soil slurries
Soil and sediment samples were kept at − 80°C prior to DNA extraction. The relative abundance of the
bacterial species in the sediments and the soil slurries without any additive carbon source were
determined by sequencing 16 S rRNA genes using an Illumina MiSeq bench-top sequencer. Total DNA
was directly extracted from 1.0 g soil using the UltraClean™ Soil DNA Isolation Kit (Mo Bio Laboratories,
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Inc., Solana Beach, CA, USA). The universal primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3’) were used to amplify the 16S rRNA genes at the V3-V4 region. The
PCR ampli�cations were performed in 20 µl reaction volume using TransGen AP221-02: TransStart
Fastpfu DNA polymerase. All ampli�cations were performed in quadruplicate. Each reaction contained 5X
FastPfu Buffer (4 µL), 2.5 mM dNTPs (2 µL), 5 mM Forward Primer (0.8 µL), 5 mM Reverse Primer (0.8
µL), FastPfu Polymerase (4 µL), BSA (0.2 µL) and template DNA (10 ng). Initial denaturation step of 3 min
duration at 95 oC was followed by 27 cycles of 30 s at 95 oC, 30 s at 55 oC, and 45 s at 72 oC. The �nal
extension was performed for 10 min at 72 oC. All PCR products were puri�ed by AxyPrep DNA Gel
Extraction Kit (AXYGEN, USA). TruSeq™ DNA Sample Prep Kit (Illumina, USA) was used to generate the
sequencing libraries. The raw sequencing reads were quality controlled using the Trimmomatic (version
0.39) (Bolger et al. 2014). Paired-end reads were merged using FLASH (Magoč and Salzberg 2011).
Sequences were grouped into operational taxonomic units (OTUs) based on 97% identity assigned using
the Ribosomal Database Project (RDP) classi�er (Wang et al. 2007). Rarefaction and α-diversity indices,
i.e., abundance-based coverage estimators (ACE), Chao1, Simpson, Shannon, were analyzed using
Mothur software.

Isolation and identi�cation of diuron degrading bacteria
from sediment and soil slurries
The isolation of diuron-degrading bacteria was performed according to the method used in a previous
study (Ha 2018). After one month of enrichment, the diluted slurries of the sediment and the soil
described above were used to isolate the bacteria. The liquid portion of the enrichment culture was
diluted and spread on a solid mineral medium (MM) supplemented with 0.1 mM diuron. The plates were
incubated at 30°C in an anaerobic glove box with the headspace �lled with pure nitrogen gas. The
colonies obtained on the solid mineral medium were further checked for their ability to degrade diuron
under anaerobic conditions.

The diuron-degrading isolates were identi�ed based on 16S rDNA gene sequences. The 27F (5’-
AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’) primers were used to
amplify the 16s rRNA in the polymerase chain reaction (PCR). The PCR conditions and bacteria
identi�cation have been previously described by Ha (2018). Initial denaturation step of 2 min duration at
95 oC was followed by 35 cycles of 95 oC, 55 oC, and 72 oC, 1 min each. The �nal extension was
performed for 10 min at 72 oC. The PCR products were puri�ed using a multiscreen �lter plate (Millipore
Corp., Bedford, MA, USA). PCR products were sequenced in an automatic sequencer (ABI Prism 3100
Genetic Analyzer, Applied Biosystems, Foster City, CA). Obtained sequences were compared with 16S
rRNA gene sequences available in the NCBI database and Ribosomal Database Project.

Diuron degradation in liquid mineral medium (MM)
The mineral medium (MM) used for diuron degradation studies has been described by Ha and Nguyen
(2019). The medium was prepared by adding the following salts to double-distilled water (mg/L):
Na2HPO4-1,419.6, KH2PO4-1,360.9, MgCl2-98.5, CaCl2·2H2O-5.88, NaHCO3-8.4, H3BO4-1.16, ZnSO4·7H2O-
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1.15, CuSO4·5H2O-0.38, CoCl2·6H2O-0.24, and NaNO3 (1.0 g/L) acted as the sole nitrogen source and an
electron acceptor. The medium was supplemented with glucose (1.0 g/L) as a carbon source. After
adjusting to pH 7.0 ± 0.1, the medium was sterilized at 121°C for 15 min. Diuron (purity ≥ 98%) and other
chemicals were purchased from Sigma Aldrich, USA. Diuron was dissolved in absolute ethanol as a stock
solution at 0.1 M.

Isolated soil bacteria were stored at − 80 oC as glycerol stocks. Before conducting experiments, each
bacterial strain was revived by inoculating in Lysogeny broth (LB) medium for 5 days. Approximately
3×106 colony-forming units (CFU) of bacteria were transferred to the MM for the diuron degradation
studies. The same number of CFU of each isolate was used for mixed cultures.

Analytical methods
The chemical concentrations and degradation metabolites were determined through high-performance
liquid chromatography (HPLC) and liquid chromatography–mass spectrometer (LC–MS). The sediments,
soil and MM were extracted twice with acetone/ethyl acetate (1/1, v/v); samples (3 mL) were mixed with
the extraction solution (7 mL) and vigorously vortexed for 5 min. The extract was �ltered using 0.22 µm
�lters, decanted and evaporated to dryness under nitrogen gas. The residues were dissolved in
acetonitrile. The obtained solution was used to determine the remaining substrates and degradation
metabolites. The mean recovery e�ciencies of diuron from the soil, sediment and liquid MM medium
were 93.4%, 95.5% and 96.1%, respectively.

The HPLC system (Shimadzu Corporation, Kyoto, Japan) comprised of LC 20AD pumps, SIL-20A
autosampler, and an SPD-M20A photodiode array (PDA) detector. Shimadzu Shim-Pack XR-ODS column
was used for the separation of diuron metabolites. The mobile phase consisted of acetonitrile and water
(30:70, v/v) at a �ow rate of 0.5 mL/L and 5 µl sample was injected into the HPLC system. The column
oven temperature was maintained at 40°C. The detection was performed at the wavelength of 250 nm.

The LC–MS analysis was performed using a system of ThermoQuest LCQ Duo (USA). The analyses were
separated on a beta basic-C18 HPLC column (100⊆2.1 mm, 3 µm). Methanol and water (6/4, v/v) were
utilized as the isocratic eluent at a �ow rate of 0.2 mL/min. The sample components were ionized using
the electrospray ionization interface with the capillary temperature was set to 27 oC. The mass
spectrometer was operated in the MS mode with a m/z range of 40 to 450. Retention time (RT) in HPLC
pro�le and fragmentation in LC–MS were compared to those of authentic standards.

Nitrate, nitrite, and chloride ions present in the culture media were measured according to APHA Method
(APHA 2005). The cell growth in the liquid media was evaluated using a spectrophotometer DU800
(Beckman Coulter, Inc, State, USA) at 600 nm (OD600).

Statistical analysis
All data obtained from at least three experimental replicates are shown as mean ± standard deviation.
Signi�cant differences among means were statistically analyzed using one-way Duncan’s test (p < 0.05)
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in SPSS program version 22.0.

Results

Diuron degradation by indigenous microorganisms in the
sediments and the soil slurries under anaerobic condition
The diuron degradation capabilities of indigenous microorganisms in the sediments and the soil were
signi�cantly different. The time-course of degradation of diuron in the sediments and soil slurries is
shown in Fig. 1. In the soil slurry without nutrient amendments, a lag phase was observed for the
degradation of diuron by the native microorganisms. However, no lag phase was observed in the soil
slurry containing nitrate and glucose. Moreover, the addition of nitrate and glucose increased the
degradation performance of both slurries, while diuron dissipation in the sterile samples did not exceed
10% (Fig. 1). The rate of degradation of diuron in the sediment slurries was signi�cantly higher than that
in the soil slurries with or without nutrient amendments. It was observed that 90.0 ± 3.5% and 100% of
diuron were dissipated in the soil and sediment slurries supplemented with nitrate and glucose,
respectively, after 30 days.

Effect of diuron on the composition of bacterial
communities in the soil and sediment slurries
A total of 21 bacterial genera in the sediment and 22 in the soil, with relative abundance > 1%, were
identi�ed. Initially, some genera found in the soil and sediments had similar abundance, including
Clostridium and Acinetobacter, but others were signi�cantly different. Alpha diversity (a measure of
microbiome diversity in a single sample) was measured using the Chao1, ACE, Shannon, and Simpson
indices in the non-sterile slurries of the sediment and the soil. The Operational Taxonomic Units (OTUs)
were classi�ed at 97% similarity. The addition of diuron signi�cantly decreased values of OTUs, ACE,
Chao1, and Shannon in both the sediment and the soil at day 15 and day 30. However, the Simpson index
for the sediments containing diuron increased at day 15 and day 30 (Table 2). The coverage values of all
samples were in the range of 0.982 to 0.994. The rarefaction curves showed an adequate sequence depth
(data not shown). The values of the OTU richness, the Chao1 and Shannon indexes of the soil slurry were
lower than those of sediments at both time points.
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Table 2
Diversity and richness of bacterial community in sediments and soil slurries with and without

supplementation with diuron
    At the

beginning
Control Diuron

15 d 30 d 15 d 30 d

Sediment Sequences 41842.0 ± 
2593.3c

38513.7 ± 
3695.4bc

35689.7 ± 
3072.1ab

31481.0 ± 
3411.9a

32206.3 ± 
3281.9a

OTUs 1442.8 ± 
89.4d

1167.1 ± 
112.0c

1115.3 ± 
96.0bc

874.5 ± 
94.8ab

970.1 ± 
98.9a

ACE 1781.3 ± 
110.4c

1515.7 ± 
145.4b

1487.1 ± 
128.0a

1197.9 ± 
129.8a

1293.4 ± 
131.8ab

Chao1 2020.0 ± 
125.2c

1809.0 ± 
173.6b

1784.5 ± 
153.6bc

1416.6 ± 
153.5a

1590.9 ± 
162.1ab

Simpson 0.062 ± 
0.004a

0.070 ± 
0.006ab

0.086 ± 
0.010bc

0.097 ± 
0.008cd

0.109 ± 
0.013d

Shannon 6.2 ± 0.5b 5.8 ± 0.5b 5.7 ± 0.5b 4.7 ± 0.4a 4.2 ± 0.4a

Soil Sequences 33607.7 ± 
1575.7c

28346.0 ± 
2475.5b

27822.0 ± 
2638.1b

22980.0 ± 
2509.2a

22705.3 ± 
2731.3a

OTUs 1080.6 ± 
50.7c

944.9 ± 
82.5bc

869.4 ± 
82.4b

647.3 ± 
70.7a

679.8 ± 
81.8a

ACE 1350.8 ± 
63.3d

1259.8 ± 
110.0cd

1100.6 ± 
104.4bc

809.2 ± 
88.4a

944.2 ± 
113.6ab

Chao1 1404.8 ± 
65.9c

1237.8 ± 
108.1c

1173.7 ± 
111.3bc

932.1 ± 
101.8a

951.7 ± 
114.5a

Simpson 0.101 ± 
0.005a

0.118 ± 
0.011ab

0.132 ± 
0.016b

0.141 ± 
0.013b

0.140 ± 
0.015b

Shannon 4.8 ± 0.5c 4.5 ± 0.5c 4.2 ± 0.4bc 3.6 ± 0.4ab 3.8 ± 0.4a

∗Different lowercase superscript letters (a, b, c and d) indicate statistically differences among
treatments within the same group in the same line (p < 0.05).

During incubation, both genera and phyla changed with more signi�cant shifts occurring in the media
containing diuron (Fig. 2 & Fig. 3). Some genera disappeared in both the sediment and the soil slurries,
while others became dominant in the media containing diuron. In the sediments, three genera showed
abundance > 10%, i.e., Pseudomonas (10.5%), Dechloromonas (14.0%) and Thiobacillus (17.5%) after one
month. Whereas three genera were dominant in the soil, i.e., Pseudomonas (15.5%), Azoarcus (14.4%),
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and Thauera (12.7%). No genus abundance exceeded 10% in the slurries without diuron at the end of the
incubation period.

Initially, Proteobacteria, Firmicutes, Euryarchaeota, and Actinobacteria were the main bacterial phyla in
both the sediments and soil slurries, whereas Bacteroidetes was relatively abundant in the soil samples
only (Fig. 3). After one month of incubation, the abundance of Proteobacteria and Euryarchaeota
increased in both slurries. The abundance of Firmicutes decreased in both the soil and the sediment after
one month of incubation; however, they were still the second most abundant phyla in the sediment and
the third most abundant phyla in the soil. At the end of 30 days of incubation, the most signi�cant
increase in abundance of Proteobacteria was observed in the presence of diuron. The relative abundance
of Proteobacteria increased from 38.8% at T0 to 63.1% at the end of 30 day incubation in the sediment
and from 52.2–72.7% in the soil slurry containing diuron. These �ndings indicate a major role of the
phylum in the anaerobic degradation of diuron in the soil and the sediments.

Isolation and identi�cation of diuron-degrading bacteria
from sediment and soil slurries
After 30 days of enrichment, several bacterial strains, which degraded diuron under anaerobic conditions
using nitrate as an electron acceptor, were isolated and identi�ed. Three strains were isolated from
sediments: (Thauera aromatica DT1 (MT974432), Azoarcus sp. DT2 (MT974431), and Pseudomonas sp.
MT (MT974595)) and three strains were isolated from the soil: Dechloromonas aromatica DU
(MT975261), Thiobacillus denitri�cans DR (MT974433) and Pseudomonas sp. MS (MT974435).

Diuron degradation by pure and mixed cultures
The diuron degradation rate and the cell growth were greater for the mixed culture isolated from the
sediments than that for the mixed culture isolated from the soil. The time-course of degradation of diuron
by mixed cultures isolated from the sediments and the soil is presented in Fig. 4. The addition of glucose
increased the degradation and the growth rates. Both mixed cultures could utilize diuron as a carbon
source, but the addition of glucose increased the degradation and the growth rates.

Diuron degradation rates of the single isolates were signi�cantly lower than that of the mixed cultures.
Diuron degraded by the bacterial strains isolated from the sediment, T. aromatica DT1, Azoarcus sp. DT2,
Pseudomonas sp. MT was 78.4 ± 6.7%, 72.8 ± 6.4%, and 60.2 ± 7.2%, respectively, after 30 days of
incubation. In comparison, mixed culture of bacteria isolated from the sediment degraded 95.5 ± 3.0% of
diuron in this duration. The corresponding values for the bacterial strains isolated from the soil, D.
aromatica DU, T. denitri�cans DR, Pseudomonas sp. MS and the mixture of these were 55.4 ± 6.5%, 62.5 
± 5.3%, 68.8 ± 7.1% and 84.5 ± 4.5% (Fig. 5).

Moreover, the degradation performances of mixed cultures of two isolates were slower than those of
three isolates (data not shown). The mixture of all bacterial strains isolated from the soil and sediments
degraded 90.5% ± 4.4% of diuron after 30 days, which was not statistically different from mixed cultures
of three strains from the sediment and soil.
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Transformation of electron acceptor and production of Cl−
during diuron degradation
In mineral medium, the anaerobic degradation was observed only in the presence of nitrate. Nitrate was
not transformed in the medium without bacteria. During the growth of the two consortia in the mineral
medium, nitrate was consumed, and nitrite and chloride were released (Table 3). The ratios of the nitrite
produced to the nitrate consumed in the mixed culture isolated from sediments and soil slurries were
80.4% ± 14.4% and 65.4% ± 5.4%, respectively. The corresponding ratios of the produced chloride to
theoretically produced chloride were 92.1% ± 5.7% and 88.4% ± 5.7%, respectively. The degradation by all
isolates was negligible under aerobic conditions.

Table 3
Nitrate consumed, nitrite produced, and chloride released during diuron degradation by mixed cultures

  Concentration (µM)

Mixed pure culture isolated
from soil

Mixed pure culture isolated from
sediment

Diuron degradation 72.5 ± 4.7 82.8 ± 2.1

 consumed
1177.6 ± 77.6 1144.9 ± 82.8

 produced
936.4 ± 101.1 748.1 ± 42.9

Cl− 1 released 103.7 ± 8.7 105.8 ± 10.7

Cl− 1 produced/Cl− 1 produced
theoretically*

92.1 ± 5.7 88.4 ± 5.7

Metabolites produced

DCPU 7.4 ± 0.8 8.2 ± 1.1

CPDMU 6.5 ± 0.7 7.1 ± 0.7

3,4-DCA 3.8 ± 0.5 4.2 ± 0.5

4-chloroaniline - 3.5 ± 0.4

Aniline 2.1 ± 0.4 -

* The amount of Cl− 1 theoretically produced was calculated based on the concentrations of
substrates transformed and chloride remaining in the intermediates.

NO

−

3

NO

−

2
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Identi�cation of metabolites produced by diuron
degradation
During the anaerobic degradation of diuron, several intermediate products were detected (Table 4). DCPU,
CPDMU, and 3,4-DCA were the main metabolites with relatively high levels of concentration (Table 3) and
found in all treatments (Table 4). Chlorobenzene was only detected in sediment slurries. 4-chloroaniline
was not detected in mixed pure cultures isolated from the sediment, while aniline was not found in the
mixed pure culture isolated from the soil (Table 4).

Table 4. Diuron metabolites produced by the indigenous anaerobic microorganism in the sediment and
soil slurries and the isolated consortia from the sediment and soil. The MM supplemented with nitrate
and glucose was used for growth of the isolated microorganisms

Discussion
Diuron degradation by indigenous microorganisms in the sediments did not require a lag phage and was
higher than that by indigenous microorganisms in the soil. Moreover, the degradation capability of the
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mixed bacterial culture isolated from the sediments was higher than that of the mixed bacterial culture
isolated from the soil. The degradation of diuron in soil under natural conditions depends on the soil type
and the microbial composition. The microbial community of the sediments could have a long history of
chronic exposure to the pollutant, resulting in adaptation to its degradation. In one study, diuron
degradation in the soil was found to be slow, with only 5% – 25% of the herbicide dissipated after 29
days under aerobic conditions after �rst application; however, subsequent applications of diuron to the
soil caused rapid degradation of the herbicide (Cullington and Walker 1999).

The diuron degradation occurred in the soil and the sediment without added nitrate, indicating that the
naturally occurring nitrate and possibly other components in these media served as electron acceptors.
Anoxic environment and nitrate-reducing conditions typically exist in sediments and �ooded lands, which
may stimulate anaerobic biotransformation of herbicides in these environments. The addition of nitrate
and glucose signi�cantly increased the degradation rates. Nitrate served as an electron acceptor and
nitrogen source, whereas glucose was a carbon source. Improvement in the degradation rates of
sediment slurries under anaerobic conditions owing to the addition of cosubstrates have been reported
(Attaway et al. 1982a, b). Attaway et al. (1982a) showed that diuron (at 40 mg L−) was completely
degraded in the sediments after 25 days under anaerobic conditions.

During anaerobic degradation of diuron, denitri�cation was observed. The amounts of nitrate consumed
were signi�cantly higher than that of nitrite produced, probably because nitrate was transformed into
nitrogen gas, and/or nitrate served as a nitrogen source for the bacteria. The amounts of chloride
produced were lower than the theoretical amounts. This result could be attributed to the chloride
absorption by bacteria, retention of chloride in unknown metabolites, or both. These phenomena were
also for anaerobic degradation of other organic compounds (Ha 2018; Ha and Nguyen 2019).

The abundance of various bacterial strains in the microbial community varied with time during the
incubation in both the sediment and the soil samples. More extensive shifts in the bacterial community
were observed in media containing diuron. The high coverage value in soil and sediment samples
revealed that the sequencing depth was enough to capture the diversity of the bacterial community in this
study. The decrease in Shannon and increase in Simpson indexes compared to initial soil and sediment
samples showed a reduction in the biodiversity of the microbial community during the incubation. The
biodiversity in the slurries declined during incubation, which indicated that some bacteria were killed due
to toxic effects of diuron. However, some species and phyla became dominant after 30 days of
incubation, indicating a positive selection for the bacterial strains capable of metabolizing diuron. El
Fantroussi et al. (2000) reported that bacterial diversity decreased for an extended period under aerobic
conditions after phenylurea herbicides diuron and linuron were applied. Some species were eliminated
from the community after treatment with these herbicides (El Fantroussi et al. 2000). In another study,
atrazine and diuron affected the bacterial community in the soil more signi�cantly than 2,4-
dichlorophenoxyacetic acid (Moretto et al. 2017). Moretto et al. (2017) showed that the richness of a
microbial community reduced after four weeks and recovered at the eighth week after diuron application.
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The persistence of diuron in the soil signi�cantly in�uenced the distribution of the bacterial community
(Moretto et al. 2017).

Two bacterial consortia isolated in this study, one from the soil and the other from sediment slurries,
showed effective diuron degrading activities. The degradation by each consortium was higher than all
individual strains. These results indicate a synergistic activity in the degradation of the parent compound
and its metabolites by the microbial community in slurries. Previous studies have also indicated that the
anaerobic degradation of complex organic compounds is mainly carried out by mixed cultures (Ghattas
et al. 2017; Duc 2019). The cooperation between microbial populations to degrade diuron and other
metabolites in soil under aerobic conditions has also been described (Villaverde et al. 2017). Native
bacteria in sediment and soil bacteria had adapted to speci�c conditions and exhibited synergistic
interactions for herbicide degradation. The compatible bacterial strains can enhance the degradation of
organic compounds (Duc 2019; Oanh and Duc 2021).

Several diuron metabolites DCPMU, DCPU, and 3,4-DCA, produced during degradation under anoxic
conditions, have been identi�ed (Stasinakis et al. 2009). However, all metabolites were not further
metabolized under the anoxic conditions, even though they were transformed under the aerobic condition
(Stasinakis et al. 2009). In this study, DCPU, 3,4-DCA, CPDMU, and some other products were formed
during degradation by indigenous microorganisms and isolated bacteria. CPDMU has been found to be
produced during anaerobic degradation of diuron, but a further transformation of this compound is
unclear (Attaway et al. 1982a, 1982b; Stepp et al. 1985). DCPU is a major metabolite produced under
anoxic conditions, and 3,4-DCA is only produced when an external carbon is supplemented (Shareef et al.
2014). 3,4-DCA is accumulated as a �nal diuron degradation product (Tixier et al. 2000; Giacomazzi and
Cochet 2004) and is more persistent than its parent compound (Tixier et al. 2000). In this study, 3,4-DCA
was further metabolised to produce 4-chloroaniline, aniline, and chlorobenzene, and similar �ndings have
been reported by others (Ha and Nguyen 2019). DCMPU is usually produced during diuron degradation
under aerobic conditions and is sometimes formed under anoxic conditions (Stasinakis et al. 2009).
However, DCMPU was not detected in this study.

Conclusion
Diuron could be degraded by indigenous microorganisms in soil and sediment slurries under anaerobic
conditions, and the supplementation of nitrate and glucose increased the diuron degradation. However,
the microbial diversity structures in these media decreased with the addition of diuron. Thauera
aromatica DT1, Azoarcus sp. DT2, and Pseudomonas sp. MT isolated from sediments, and
Dechloromonas aromatica DU, Thiobacillus denitri�cans DR, and Pseudomonas sp. MS isolated from soil
slurry isolated in this study were the �rst pure cultures that could degrade diuron under anaerobic
conditions, to the best of our knowledge. These results may contribute to understanding the microbial
community response to diuron and the metabolites of diuron degradation under anaerobic conditions.
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Figures

Figure 1

Diuron degradation by indigenous microorganisms in the sediment (A) and soil (B) slurries in sterile
samples (diamond), non-sterile samples (square), non-sterile samples amended with nitrate (triangle),
and non-sterile samples amended with nitrate and glucose (circle)
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Figure 2

Relative abundance of bacteria at genus levels in (A) soil and (B) sediment slurries at T0 (at the
beginning), and after 30 days of incubation with and without diuron. The nitrate was added to the slurries
but not glucose. “Other” represents all the classi�ed taxa < 1%. “Unclassi�ed” denotes sequences that
could not be classi�ed into any known genus
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Figure 3

Relative abundance of bacteria at phylum levels in (A) soil and (B) sediment slurries at T0 (at the
beginning) and after 30 days of incubation with and without diuron. The nitrate was added to the slurries
but not glucose. “Unclassi�ed” denotes sequences that could not be classi�ed into any known genus
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Figure 4

Diuron degradation (solid line) and cell growth (dashed line) by mixed pure cultures isolated from (A)
sediment and (B) soil in MM with glucose (circle) and without glucose (triangle). Nitrate was used as an
electron acceptor. The abiotic degradation (diamond) was also carried out in parallel

Figure 5

Diuron degradation by the individual strains and the mixed cultures of the bacterial strains isolated from
(A) sediment and (B) soil. T. aromatica DT1, Azoarcus sp. DT2, and Pseudomonas sp. MT were isolated
from the sediment and D. aromatica DU, T. denitri�cans DR and Pseudomonas sp. MS were isolated from
the soil. Diuron degradation was carried out in mineral medium supplemented with nitrate and glucose.
The error bars indicate the standard deviation, and different letters in lower case (a-f) represent signi�cant
differences among treatments (p < 0.05)


